Peptide hormone receptors overexpressed in human malignant neoplasms are potential targets for diagnostic scintigraphy and radiotherapy. One such receptor is the neuropeptide Y (NPY) receptor, mediating primarily feeding behavior in the brain but shown recently to play a role in breast cancer. In this study, the presence of NPY receptors was evaluated in another group of gynecological tumors, namely ovarian tumors, using in vitro receptor autoradiography with 125 I-labeled peptide YY and receptor subtype selective analogs. Remarkably, all 10 investigated inhibin-expressing granulosa cell tumors, Leydig cell tumors, and Sertoli-Leydig cell tumors expressed NPY receptors. In contrast, receptors were found in only seven of 22 ovarian adenocarcinomas (32%). Pharmacological characterization of the expressed NPY receptor subtypes in the various tumors revealed the presence of Y1, Y2, or both. In addition, Y1 receptors were observed in intra-and peritumoral blood vessels as well. NPY receptors were not expressed in three ovarian adenomas, three borderline tumors, four fibromas and fibrothecomas, and one dysgerminoma. This is the first time that NPY receptors are described in human ovarian tissue. They may play a role in the pathogenesis and also in the pathophysiology of ovarian malignancies. Moreover, the high incidence and density of NPY receptors in sex cord-stromal tumors suggest that these receptors represent a new potential target for the diagnostic and therapeutic administration of NPY analogs in these tumors.
Regulatory peptides are small, very potent molecules located mainly in the brain, gut, endocrine, and immune systems, with paracrine and neurocrine modes of action. In the last several years, it was shown that the receptors of these peptides are not only present in normal human tissue but are also overexpressed in a large variety of human neoplasms. 1 This is of increasing clinical relevance since these receptors are potential targets for imaging and radiotherapy by radiolabeled peptide hormone analogs. 2 For example, the use of the radiolabeled somatostatin analog Octreoscan s for diagnostic imaging of somatostatin receptor positive gastroenteropancreatic endocrine neoplasms is well established, 3 and recent studies showed that targeted radiotherapy of these tumors with radiolabeled somatostatin analogs is successful. 4 Also, the unlabeled somatostatin analog octreotide is routinely applied to control hormonal hypersecretion of a variety of somatostatin receptor-expressing neuroendocrine neoplasms. 5 One regulatory peptide that may be worth studying in cancer is neuropeptide Y (NPY). 6, 7 It is part of the highly conserved NPY family consisting of NPY, peptide YY (PYY), and pancreatic polypeptide (PP). NPY, a 36 amino-acid long peptide characterized by a large number of tyrosine residues, is located mainly in the central and peripheral nervous system where it is a neurotransmitter. 8 Among a large variety of regulative functions, it stimulates feeding and has a vasoconstrictive effect. 9 Its role in reproduction at the level of the hypothalamichypophyseal axis by modulation of LHRH and LH secretion was extensively investigated in rodents, [10] [11] [12] but is less clear in humans. The members of the NPY family display their actions via the various NPY receptor subtypes that belong to the G proteincoupled receptor superfamily. Five receptor subtypes are characterized by now. In humans, Y1, Y2, Y4, and Y5 are physiologically expressed, whereas Y6 has been demonstrated only at the mRNA level.
A Y3 receptor subtype has not yet been proven to exist. 8 Up to now little is known of the role of NPY receptors in tumor biology. It was shown only recently that in human breast carcinomas, the incidence of NPY receptors was as high as 85%. 6, 7 In these cases, the Y1 receptor predominated and was often expressed in high density and great homogeneity, whereas Y2 was present only focally in a small number of cases. Moreover, it was shown that NPY induced a dose-dependent inhibition of tumor cell growth of over 40% in a Y1-expressing human neuroblastoma cell line. 6 This indicates that Y1 receptors may play a role in tumor cell proliferation and suggests a potential antiproliferative effect of NPY in Y1-expressing neoplasms. 6 The aim of the present study was to investigate NPY receptor expression in tumor types other than breast cancer. Ovarian neoplasms were chosen because the ovary, like the mammary gland, plays a role in reproduction, and ovarian neoplasms, like breast carcinomas, undergo hormonal influences. Moreover, only few other peptide hormone receptors were reported to be expressed in a high percentage of ovarian tumors. [13] [14] [15] Ovarian malignancies are a major problem in oncology. Adenocarcinomas are frequently diagnosed at an advanced stage with dissemination in the peritoneal cavity and beyond. Consequently, chemotherapy is often administered in these patients, and long-term prognosis is usually poor. 16 Malignant sex cordstromal tumors are characterized by a very variable clinical course, and multiple and late recurrences occur. 17 Therefore, new diagnostic and treatment strategies for ovarian malignancies are of considerable interest.
Materials and methods

Tissues
Human specimens Fresh frozen tissue samples obtained from ovarian surgical specimens of 45 patients were included in the study. The diagnosis of the 43 investigated primary or recurrent ovarian neoplasms was reviewed and formulated according to the WHO guidelines 18 using hematoxylin and eosin (HE)-stained 10 mm cryostat sections. The material comprised 28 surface epithelial-stromal tumors including three adenomas (one serous, two mucinous), three borderline tumors (all mucinous), and 22 adenocarcinomas (15 serous, five endometrioid, two mucinous); 14 sex cord-stromal tumors including two fibromas, two fibrothecomas, six adult granulosa cell tumors (GCT), three Sertoli-Leydig cell tumors (SLCT) and one Leydig cell tumors (LCT) and one dysgerminoma. Non-neoplastic ovarian tissue adjacent to tumor and of two additional samples from postmenopausal ovaries without a neoplasm was also investigated. The tissue was stored at À801C.
Tumor cell lines
The human ovary adenocarcinoma cell lines SK-OV-3 and NIH:OVCAR-3 were obtained from the American Type Culture Collection (Manassas, VA, USA). SK-OV-3 cells were grown in McCoy's 5a medium supplemented with 1.5 mM glutamine, 1.5 g/l sodium bicarbonate, 10% fetal bovine serum, 100 U/ ml penicillin, and 100 mg/ml streptomycin. NIH:OV-CAR-3 cells were grown in RPMI 1640 medium supplemented with 2 mM glutamine, 10 mM HEPES, 1 mM sodium pyruvate, 4.5 g/l glucose, 1.5 g/l sodium bicarbonate, 0.01 mg/ml bovine insulin, 20% fetal bovine serum, 100 U/ml penicillin, and 100 mg/ml streptomycin. The human ovary adenocarcinoma cell line EFO-27 was obtained from DSMZ (Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH, Braunschweig, Germany) and grown in RPMI 1640 medium supplemented with 2 mM glutamine, 0.1 mM MEM nonessential amino acids, 1 mM sodium pyruvate, 20% fetal bovine serum, 100 U/ml penicillin, and 100 mg/ml streptomycin. All three human ovary adenocarcinoma cell lines were grown in a humidified 5% CO 2 atmosphere at 371C. All cell culture reagents were supplied by GIBCO/BRL, Life Technologies (Grand Island, NY, USA), except for glucose and bovine insulin, which were supplied from Sigma (St Louis, MO, USA). Cells were washed twice with and scraped into ice-cold 0.05 M Tris-HCl (pH 7.4), collected by centrifugation, and homogenized using a rotor/stator slash system (Polytron, Kinematica Inc., Littau, Switzerland) in the same buffer. After centrifugation at 120 g for 5 min at 41C, the supernatant was collected and centrifuged again at 48 000 g for 30 min at 41C. The resulting pellet was resuspended in ice-cold Tris buffer, transferred into a microfuge tube, and centrifuged at 20 000 g for 15 min at 41C. After withdrawal of the supernatant, the membrane pellet was stored at À801C.
NPY Receptor Autoradiography
Cryostat sections of 20 mm thickness were mounted on precleaned slides and stored at À201C for several days to improve adhesion of the tissue to the slides. The slides were preincubated in Krebs-Ringer solution (NaCl 119 mM, KCl 3.2 mM, KH 2 PO 4 1.19 mM, MgSO 4 1.19 mM, NaHCO 3 25 mM, CaCl 2 2.53 mM, D-glucose 10 mM; pH 7.4) for 60 min at room temperature. Then they were incubated for 120 min in the incubation solution containing the Krebs-Ringer solution, 0.1% BSA, 0.05% bacitracin, and 10 000 cpm/100 ml of the 125 I-labeled radioligand human PYY (hPYY; 2000 Ci/mmol; Anawa, Wangen, Switzerland), as described previously. 6 To assess nonspecific binding, tissue sections were incubated with the above-mentioned incubation solution and After incubation, the slides were washed two times for 5 min and then rinsed four times in ice-cold preincubation solution. After drying under a stream of cold air at 41C, the slides were exposed to Kodak films Biomax MR s for 7 days at 41C. The resulting signals were analyzed, and receptor positive cases were assessed quantitatively using a computerassisted image processing system (Analysis Imaging System, Interfocus, Mering, Germany). Tissue standards for iodinated compounds (Amersham, Aylesbury, UK) were used for this purpose. In all experiments, rat brain sections served as positive controls, Y1 being highly expressed in the brain cortex and Y2 in the hippocampus. 19 
Immunohistochemistry for Inhibin
Immunohistochemistry for inhibin was performed in all GCT, SLCT, and LCT, and in 12 adenocarcinomas (nine serous, two endometrioid, one mucinous; seven of them were positive, five were negative for NPY receptors). Cryostat sections of 10 mm thickness of fresh frozen tissue postfixed in formalin, or 4 mm thick paraffin sections of formalinfixed tissue were used. The primary antibody was a monoclonal mouse antibody directed against the inhibin a subunit (1:20; DAKO, Zug. Switzerland), and the secondary antibody was a biotinylated goat anti-mouse immunoglobulin. Antibody binding was visualized by the ABComplex/HRP (DAKO). Staining was performed with DAB, and counterstaining with hemalum. Table 1 summarizes the obtained data. The incidence of NPY receptors varied considerably from one tumor type to another. Incidence was highest in GCT, SLCT, and LCT (100%). It was much lower in adenocarcinomas (32%). Receptors were not detected in any of the investigated adenomas, borderline tumors, pure stromal neoplasms, or in the dysgerminoma. Figure 1 shows two typical and representative examples of NPY receptor expression in GCT. The two GCT are well identified by immunostaining for inhibin, and the NPY receptors are exclusively located in inhibin-positive areas. The tumor surroundings represent non-neoplastic ovarian stroma. Figure 1 illustrates how much the receptor distribution and the density can vary between different tumors. In the case on the lefthand side, a strong and homogeneous labeling with the universal ligand 125 I-hPYY is observed in the whole tissue. In contrast, in the case on the right, the NPY receptor density is much lower and restricted to small areas of the tumor sample. Control sections incubated with 25 nM nonlabeled hPYY show the nonspecific binding. Table 2 indicates the receptor subtypes expressed in the sex cord-stromal tumors, their density, and overall distribution. The great majority of the tumors express both Y1 and Y2 subtypes that are not necessarily present in the same areas. The density varies very much with more than 10 times difference from one tumor to the other. There is a tendency for LCT and SLCT to express more Y2, whereas GCT express more Y1. The mean receptor densities for all sex cord-stromal tumors is 877 dpm/mg for the Y1 receptor and 911 dpm/mg for the Y2 receptor, which is much lower than the density found in breast carcinomas. 6 The receptor distribution is in most cases heterogeneous within the tumor sample. For instance, Y2 receptor density in case no. 4 ranges from 416 dpm/mg in areas with low receptor expression to 2981 dpm/mg in areas with high receptor expression, with a mean of 1058 dpm/mg. NPY receptors seem to be expressed irrespective of the clinical course (Table 2 ). Figure 2 shows examples of the receptor subtype characterization . Figure 2 (e-h) shows the LCT on the right part of the tissue section and adjacent ovarian stroma on the left side. Here, by contrast, 125 I-hPYY is selectively displaced by hPYY(3-36), but not by [Leu 31 , Pro 34 ]-hPYY, proving that this is a predominantly Y2-expressing tumor. Table 3 shows the NPY receptor subtyping, densities, and distribution in all NPY receptor-expressing adenocarcinomas tested. NPY receptor labeling was observed over neoplastic epithelial cells. No relationship between histologic grade or adenocarcinoma subtype and presence of receptors was detectable. Typically, receptors were restricted to certain tumor areas. Usually, only a small area of the investigated tissue showed NPY receptors. The mean receptor density of the positive adenocarcinoma cases was mostly low, on average lower than in sex cord-stromal tumors. Y1 and Y2 receptors were usually concomitantly present, with a predominance of Y2. Figure 3 shows an example of an NPY receptor-expressing adenocarcinoma. The HE section shows the tumor surrounded by necrotic areas without adjacent ovarian stroma.
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125 I-hPYY labels in varying density larger parts of the tumor, with complete displacement in all 125 I-hPYY-labeled tumoral areas achieved with the Y2-selective ligand hPYY , but only marginal displacement by the Y1-selective ligand.
NPY Receptors in Ovarian Carcinoma Cell Lines
Three ovarian carcinoma cell lines, NIH OVCAR3, EFO27, and SKOV3, were tested for their NPY receptor content using in vitro receptor autoradiography on cell pellets. None of the tumor cell lines contained measurable amounts of NPY receptors, indicating that these cell lines do not represent an adequate model for functional investigations.
Pharmacological Characterization of Y1 and Y2
The pharmacological characterization of Y1 and Y2 subtypes is performed in competition experiments with increasing concentrations of various subtypeselective ligands to assess their rank order of potency. Figure 4 shows two representative competition experiments. In a Y1-expressing GCT, the Y1-selective [Leu 31 , Pro 34 ]-hPYY and BIBP 3226 completely displace the radiotracer with high affinity, whereas the Y2-selective hPYY and BIIE 0246 displace it with low affinity. The opposite is observed in the Y2-expressing LCT, namely complete displacement in the high-affinity range with . In the GCT, no displacement of 125 IhPYY by hPYY at the receptor can be observed (d), whereas displacement is observed in the LCT (h). This shows that the GCT has predominantly Y1, and the LCT has predominantly Y2 receptors. 
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Inhibin Expression
Inhibin is demonstrated by immunohistochemistry in all GCT, LCT, and SLCT, as expected from the literature, [22] [23] [24] further confirming the histopathological diagnoses. Figure 1 shows two typical examples of GCT stained for inhibin. Staining is usually strong and homogeneous throughout the entire tumor sample. In addition, inhibin immunostaining is positive in three of the 12 investigated adenocarcinomas. It is seen focally in stromal cells of an endometrioid, a mucinous, and a serous adenocarcinoma. In the latter two cases, also small groups of epithelial cells stain for inhibin. However, among these inhibin-positive adenocarcinomas, only the mucinous adenocarcinoma is positive for NPY receptors. Investigation of serial sections of this adenocarcinoma reveals that labeling of NPY receptors and staining for inhibin are not necessarily located in the same tumor areas. All other NPY receptor-positive adenocarcinoma samples and the investigated NPY receptor-negative adenocarcinoma samples are negative for inhibin.
NPY Receptor Expression in Non-neoplastic Ovarian Tissue
We were also able to identify NPY receptors in the blood vessels within tumors or in the surroundings of tumors in 23 of 34 cases. Vessels in the normal ovarian stroma are positive for NPY receptors in 14 of 18 samples (78%). Intratumoral vessels express NPY receptors in 11 of 26 cases (42%). The receptors are located in the smooth muscle layer and are all characterized as Y1. The receptor density varies, but is usually moderate to high and comparable in normal and intratumoral vessels. In one case, a hilus cell aggregate is strongly positive for Y2. In two cases, Y1 is expressed in the perivascular tissue restricted to hilus vessels. Apart from these instances, no receptors are observed in genuine or neoplastic ovarian stroma.
Discussion
The present study shows that all GCT, LCT, and SLCT express NPY receptors. Such a frequent NPY receptor expression in sex cord-stromal tumors is completely unexpected, as NPY has no established role in the ovarian cells giving rise to these neoplasms. It is not less unexpected that even ovarian adenocarcinomas can express NPY receptors, although with a lower incidence and density. This study is the first indication that NPY receptors may represent a new biological cell marker and potential clinical target in these ovarian cancers. The present data can be added and compared to those reported previously in the carcinomas of the breast, where NPY receptors are present in 85% of the cases, often in very high density, and preferably as Y1 subtype. 6, 7 Several NPY receptor subtypes have been reported to exist in humans, including Y1, Y2, Y4, and Y5, whereas Y6 was detected only at the mRNA level. 8 The present study, by performing displacement experiments with several subtype-selective analogs, provides very strong arguments in favor of the presence of Y1 and Y2 receptor subtypes in ovarian tumors, often expressed concomitantly in individual tumors. Pharmacological evidence of a specific Y1 receptor detection in this study is given when the binding of the universal ligand 125 I-hPYY is displaced in the high-affinity range by the Y1-selective ligand [Leu 31 , Pro 34 ]-hPYY but not by the Y2-selective ligand hPYY . Additional proof for Y1 expression is given when the Y1-selective synthetic nonpeptide analog BIBP 3226 has a moderate to high affinity to the receptor, as reported in previous studies, 21 while the Y2-selective synthetic nonpeptide analog BIIE 0246 shows a very low affinity, as reported previously. 20 The presence of Y4 or Y5 can be ruled out since hPP, known to have a very high affinity for Y4, 8 19 and rat hippocampus and breast carcinoma for Y2, 6, 19 further confirming the results in ovarian neoplasms.
Although a systematic investigation of normal ovarian tissue could not be performed, due to restricted availability of premenopausal ovarian tissue, it is the first description of NPY receptors in the non-neoplastic human ovary. The Y1 receptor incidence in vessels adjacent to the tumors and in normal ovarian stroma is remarkably high, in agreement with the previous reports of Y1 receptors in vessels in various organs of rats and humans. 26, 27 The Y1 receptor incidence in intratumoral vessels appears to be lower. This can be explained by the fact that NPY receptors are expressed in vascular smooth muscle cells that are less prominent in newly formed intratumoral vessels than in normal vessels. Apart from the receptors in the vascular smooth muscle, we identified NPY receptors in the perivascular stroma of hilus vessels and even in a hilus cell aggregate. These cell groups correspond to lutein-like cells. 28 The lutein-like cells in the ovarian hilus are homologous to the Leydig cells in LCT and SLCT. Therefore, the strong Y2 positivity observed in the hilar cell aggregate is well in accordance with the Y2 positivity of the LCT and the majority of the SLCT. The NPY receptors in the normal ovary may be the targets of endogenous NPY that was detected in human ovaries by immunohistochemistry: many nerve fibers indeed, those innervating blood vessels as well as those localized within the stroma and between follicles contain NPY. 29 No NPY receptors were observed in the ovarian surface epithelium, the tissue of origin of ovarian adenocarcinomas. This suggests that the NPY receptors in adenocarcinomas may be expressed de novo, explaining perhaps their low incidence, low density, and focal distribution.
A functional role of NPY in the human ovary is not established; the few available investigations are restricted to animals. For instance, in the rabbit ovarian artery, NPY was shown in vitro to influence the vascular tone by Y1-mediated mechanisms. 30 A similar function may be extrapolated to human ovarian vessels based on the strong presence of Y1 receptors in the ovarian vasculature. Furthermore, in human granulosa cell cultures, NPY regulates steroid hormone production together with a considerable stimulation of estrogen release. 31 The significance of such a mechanism in vivo is not clear. It suggests that NPY receptors are physiologically present on human granulosa cells, in accordance with the expression of NPY receptors found in GCT in the present study. Furthermore, since GCT usually produce high levels of estrogen, 32 a possible role of NPY receptors in the regulation of the estrogen metabolism in these tumors may be suggested and worth investigating in future studies.
The present study confirms that the expression of the inhibin a subunit can be detected by immunohistochemistry in sex cord-stromal tumors, 22, 23 while it is much rarer in the epithelial cells of ovarian adenocarcinomas. 22, 33 The presence of NPY receptors in inhibin-expressing sex cord-stromal tumors may be indicative of an NPY action on the inhibin system; NPY may affect inhibin production and/or release and, as such, play a pathophysiological role in inhibin-producing tumors. Moreover, inhibin may have growth-suppressive functions in these tumors, since inhibin-deficient mice develop malignant sex cord-stromal tumors in very high frequency. 24 The present therapeutic strategies for ovarian cancers are not optimal as 75% of the patients with adenocarcinoma present with advanced tumor stage, require chemotherapy, 34, 35 and have a poor prognosis. 16 The 5-year survival rate for patients with widespread disease is only 10-20%. 16 GCT are characterized by an unpredictable, variable, and long clinical course with multiple and late recurrences and metastases. 17 SLCT are relatively uncommon neoplasms with an excellent prognosis when diagnosed at an early stage. Higher stage, poor histologic differentiation, and presence of heterologous elements are, however, afflicted with poor outcome. 36 Management of advanced disease of GCT and SLCT comprises chemotherapy and radiotherapy that show considerable side effects and generally poor long-term results. 17, 37 Therefore, novel imaging procedures for follow-up and therapeutic approaches for both adenocarcinomas and malignant sex cord-stromal tumors are desirable. For neoplasms that express peptide hormone receptors in high density and incidence, the novel method of in vivo receptor targeting is an attractive option. This is the case for adenocarcinomas of the breast expressing Y1. 6, 7 Selected ovarian tumors may also fulfill these criteria. Especially GCT and SLCT are qualified due to the very high incidence of NPY receptors. Radiolabeled NPY analogs could potentially be used for diagnostic scintigraphy for staging of primary tumors and detection of metastases and recurrences in the long-term follow-up. A stable 99m Tc-labeled Y2-selective analog suitable for this purpose was recently synthesized. 38 Owing to the heterogeneity of the receptor subtypes in sex cordstromal tumors, an analog with high affinity to both Y1 and Y2 would, however, be more efficient. Ovarian adenocarcinomas respond to anthracyclines, but their use is limited by their cardiotoxicity; 35, 39, 40 this side effect might be significantly reduced by receptor-targeted administration. A Y1-selective NPY analog coupled to the anthracycline daunorubicin, shown to be cytotoxic and to reduce growth of a Y1-expressing neuroblastoma cell line, 41 may therefore be evaluated for targeted chemotherapy of Y1-expressing ovarian tumors. Malignant sex cord-stromal tumors have a restricted sensitivity to chemotherapeutic agents; 37 radiolabeled NPY analogs may possibly be useful for targeted radiotherapy of these tumors. 4 Their advantage would lie in the reduction of side effects related to conventional radiotherapy of tumors in the peritoneal cavity. 17 It should also be mentioned that not only tumor cells but also intratumoral vessels expressing NPY receptors may be potential targets for directed radiotherapy.
The significance of nonradioactive NPY or NPY analogs as direct inhibitors of tumor cell growth remains to be established for the in vivo use in humans. It was shown previously in other tumor cell types in culture that NPY can modestly affect tumor growth. 6 In order to evaluate the functionality of NPY receptors in ovarian cancer, we have performed preliminary studies with various ovarian cancer cell lines including NIH:OVCAR-3, EFO-27, and SK-OV-3. Unfortunately, none of these commercially available ovarian tumor cell lines were expressing NPY receptors to a level permitting functional investigations, making these cell lines of little value as model system. Convincing evidence of a growth control of ovarian cancers through functional NPY receptors may therefore be difficult to provide. For the time being, the main clinical application of the reported data will be to take advantage of NPY-binding sites and perform NPY receptor scintigraphy and radiotherapy.
Peptide hormone receptors other than NPY receptors are expressed in ovarian neoplasms. Vasoactive intestinal peptide receptors were found in high density and homogeneity in 83%, 14 cholecystokinin-B in 14%, 15 and different somatostatin receptor subtypes in 19-54% 13 of ovarian adenocarcinomas. Most interestingly, however, cholecystokinin-B receptors are present in 100% of sex cord-stromal tumors. 15 The extremely high incidence of NPY and cholecystokinin-B receptors in GCT and SLCT is remarkable and intriguing with respect to the possible pathophysiological role of these peptides. Furthermore, the observation of multiple peptide receptor expression may lead to the application of a cocktail of radioligands for a more efficient in vivo receptor targeting of ovarian neoplasms.
